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ABSTRACT 
Insight into nucleation kinetics and other nucleation parameters can be obtained from probability 
distributions of induction time measurements in combination with the classical nucleation theory. In 
this work, induction times of crystallization were recorded using a robust and automated methodology 
involving a Focused Beam Reflectance Measurement (FBRM) probe. This methodology is easily 
interchangeable between different crystallizers which allowed us to investigate the effects of scale-up 
on the kinetics of crystal nucleation of paracetamol from 2-propanol in four different crystallizers, 
ranging from small magnetically-stirred 10 mL solutions to overhead-stirred solutions of 680 mL. The 
nucleation rate was an order of magnitude faster in the magnetically-stirred crystallizer as compared 
to the crystallizers involving overhead stirring. The thermodynamic part of the nucleation rate 
expression did not significantly change the nucleation rate whereas the kinetic nucleation parameter 
was found to be the rate-determining process when the crystallization process was scaled-up. In 
particular, the shear rate was rationalized to be the part of the kinetic parameter that changes most 
significantly when the crystallization process was scaled-up. The effect of shear rate on the nucleation 
kinetics decreases with increasing volume and plateaus when the volume becomes too large. In this 
work, the nucleation mechanism was also investigated using the chiral sodium chlorate system. These 
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experiments showed that the single nucleus mechanism is the underlying nucleation mechanism in all 
four tested crystallization setups when supersaturation remains the same. When the supersaturation 
was changed continuously through cooling, crystallization was driven by a multi-nucleus mechanism. 
The automated and robust method used to measure induction times can easily be extended to other 
crystallizers enabling the measurement of induction times beyond small crystallizer volumes. 
 
INTRODUCTION 
Solution crystallization is a widely used process in the production of high purity compounds including 
pharmaceuticals, agrochemicals and fine chemicals.1 Crystal nucleation is an important parameter in 
solution crystallization as it affects many product properties including crystal shape, polymorphic 
form, chiral form and the crystal size distribution of the product. Nucleation is a stochastic process for 
unseeded crystallization processes involving low supersaturation levels or for small crystallizer 
volumes. Droplet-based methods, double-pulse methods and stirred small volume solutions methods 
can be utilized to capture the stochastic nature of nucleation and to estimate nucleation kinetics.2 Due 
to the presence of stirring, the kinetic data obtained from the stirred small volume solution method 
reflects industrial crystallization processes more accurately as opposed to the other approaches 
involving stagnant solutions. 
Nucleation rates can be used in combination with nucleation theories to reveal more insight into the 
nucleation mechanism.3 Probability distributions of induction times from isothermal induction time 
experiments can be used in conjunction with the classical nucleation theory (CNT) to estimate the 
nucleation rate and other nucleation parameters.4 Using constant supersaturations, the deterministic 
CNT approach can be linked to a probabilistic stationary Poisson process. The theory assumes that a 
clustering process at a fixed supersaturation involves attachment/detachment transition attempts of 
monomers, in which the rate of transition probability depends on both the attempt frequency and the 
probability of success for each attempt. Moreover, the use of the Poisson process means that nuclei 
are formed independently from each other. This assumption holds if nucleation proceeds through a 
single nucleus mechanism (SNM) where a single nucleus is formed and grows until detection or 
undergoes secondary nucleation until detection. The SNM has been observed in cooling 
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crystallization experiments involving chiral5 and polymorphic compounds6 but it remains unclear if 
this mechanism holds in induction time experiments, especially in large volumes. 
One of the most important effects on the nucleation process is the crystallization volume. For 
example, results from polythermal metastable zone width experiments have shown that the probability 
of nucleation increases with volume7, 8 As a result, the nucleation rate, which is expressed in units of 
volume per second, takes place in a larger volume and hence the product of nucleation rate and 
volume increases (eq. 1), leading to a higher nucleation probability. In addition, it is argued that the 
increase in the probability of nucleation with increasing volume in polythermal metastable zone width 
experiments is the result of inhomogeneous mixing8, long equilibration times, large numbers of 
heterogeneous nucleation sites and a high level of mechanical energy input.9 A link between 
mechanical energy input and induction times of crystal nucleation has been experimentally 
established.10 
Understanding the effects of scale-up on the mechanism and kinetics of crystal nucleation is essential 
to control crystallization processes. Relating probability distributions from inductions times at 
constant supersaturation to the CNT is a powerful tool to reveal important kinetic and thermodynamic 
parameters that provide more insight into the nucleation process. However, it remains unclear how 
scale-up affects the nucleation mechanism and nucleation kinetics in solution crystallization 
processes. 
Here we report the effect of scale-up on the nucleation mechanism and nucleation kinetics in 
isothermal crystallization experiments. A robust methodology was used to automatically measure 
induction times using a focused beam reflectance measurement (FBRM) probe. Induction times were 
acquired for paracetamol in 2-propanol for small volume magnetic stirred crystallization experiments 
as well as for three different overhead stirrer-type crystallizers. The resulting induction times were 
used to estimate the nucleation rates and the corresponding nucleation parameters for each crystallizer 
which revealed the most important factors that influence the nucleation kinetics when the 
crystallization process is scaled-up. In addition, experiments were carried out to test whether 
nucleation proceeds through a single nucleus mechanism (SNM) or a multiple nuclei mechanism. The 
compound used to investigate this was chiral sodium chlorate. If nucleation proceeds through a SNM, 
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the first crystal formed through primary nucleation would be of single chirality and subsequent 
secondary nucleation would result in chiral pure product crystals. If nucleation proceeds through a 
multiple nuclei mechanism, both chiral forms nucleate through primary nucleation and both chiral 
forms would eventually be obtained as crystals. Overall the results provide a better understanding on 
the effect of crystallizer type and volume on the nucleation mechanism and kinetics which contribute 
to an increased level of process control. 
 
THEORETICAL DESCRIPTION 
This section describes how the previously reported theoretical framework based on the classical 
nucleation theory (CNT)4, 11 has been utilized in the current work to arrive at the nucleation rate and 
nucleation parameters. At a constant supersaturation S and at a constant temperature T, the theoretical 
probability P* that at least one nucleus has formed in a total volume Vt after an induction time ti can be 
expressed as  
 
∗ = 1 − exp	−         (1) 
 
The total volume Vt is expressed in m
3 and is defined as the combined volume of solvent and solute. 
The steady state nucleation rate J represents the number of crystals formed per volume V and time t 
and is expressed in m-3.s-1 and the induction time ti is expressed in seconds.  
Eq. 1 relies on a stationary Poisson process9 and assumes that nuclei are formed independently from 
each other until the detection point. This assumption holds if nucleation proceeds through a single 
nucleus mechanism (SNM) where a single nucleus is formed and grows or undergoes secondary 
nucleation at which point nucleation detection becomes possible. In the first part of this work 
experiments were carried out involving chiral crystals to get an indication on whether a SNM holds in 
our experiments. 
We assumed that when the solution temperature reached the steady set temperature for the induction 
time experiments, the supersaturation would remain the same. This point in time is defined as the start 
time t=0 of the experiment (Figure 1). After the start time t=0, monomers in the supersaturated 
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solution reversibly agglomerate to form unstable pre-nucleation clusters. The time required for one of 
these clusters to become sufficiently stable is stochastic and is defined as the induction time ti. The 
stable nucleus grows during a growth time tg until it becomes sufficiently large to undergo secondary 
nucleation. The time when the first single crystal undergoes secondary nucleation is the detection time 
tD. For the magnetically-stirred experiments, the detection time tD is the time when crystal formation 
was optically observed through recorded images. An FBRM probe was used in the experiments 
involving overhead stirring.12 The detection time tD was identified as the start of an exponential 
increase in FBRM counts (Figure 1). The accuracy of detecting the onset of crystallization in cooling 
crystallization experiments using FBRM and using video imaging are comparable (see Figure S1 of 
the Supporting Information).13 Secondary nucleation in stirred small volume solutions is assumed to 
proceed through a mechanical attrition process where a single crystal breaks into many fragments 
after coming into contact with the stirrer.7 In larger volumes however, crystals are less likely to hit the 
impeller14 and small crystals could undergo secondary nucleation through a nuclei breeding 
mechanism instead, in which molecular aggregates nucleate after coming into contact with a crystal.15, 
16 Experimental evidence for nuclei breeding was observed for the paracetamol model system used in 
the present study.17  
The induction time ti in eq. 1 can be calculated from the detection time tD and the growth time tg as 
follows 
 
 =  −            (2) 
 
As described in previous work, the method of determining the growth time tg does not significantly 
influence the determination of the nucleation rates.11 In our work, we estimated the growth time tg as a 
parameter from fitting eq. 1 to the experimental data.  
The average induction time tavg_i is defined through 
 
_ = ∑            (3) 
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 in which N is the total number of induction time experiments. 
 
Figure 1. The total FBRM counts (dashed line) as a function of time t for a single induction time 
experiment. The detection time tD of the first crystal is determined to be at the time when the 
exponential increase in crystal counts starts, which is calculated using an exponential fit (solid line). 
 
The individually measured induction times were sorted from shortest induction time ts to longest 
induction time tl in ascending order and the probability to measure an induction time within time t is 
defined as 
 
 =  for	 =  …          (4) 
 
in which N(ti) is the number of experiments in which nucleation occurred after time ti. Experiments 
involving low supersaturations S are typically associated with long induction times which are unable 
to be captured when they exceed the total experimental time. Failing to capture such long induction 
times leads to a higher degree of uncertainty in estimating nucleation kinetics.11 In our work, we 
programmed the experimental setup to start a new induction time experiment only when 
crystallization has started. This way, all induction times were captured. 
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According to a previous study11, the most accurate way to estimate the nucleation rate J is by 
minimizing the sum of squared differences between model P* (eq 1) and experiments P (eq 4) 
according to 
 
ϕ! = ∑ ∗ − "#$          (5) 
 
In addition to the nucleation rate J, other parameters can be estimated by measuring the nucleation 
rate at different supersaturation ratios, where the supersaturation S is defined as 
 
% = 	 &&'            (6) 
 
in which C is the total concentration in g per kg solvent and CH is the concentration in g per kg 
solvent that would be achieved from t=0 when supersaturation S remains the same. The steady state 
nucleation rate J can be expressed as 
 
 = (%exp )− *+,-.          (7) 
 
A fit of the linearized form of eq. 7 through a least-squares approach yields parameter A from the 
intercept and parameter B from the slope. Parameter A represents the kinetic factor and according to 
eq. 8 depends on the Zeldovich factor z, which accounts for the probability of clusters that are larger 
than the critical nucleus size to dissolve rather than grow18, the attachment frequency f* of building 
units to the nucleus and the concentration C0 of nucleation sites.
11, 19  
 
(% = /0∗12           (8) 
 
When the attachment frequency f* of building units to the nucleus depends on interfacial transfer3, the 
following expression can be derived 
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 0∗ = 3(∗4 567            (9) 
 
where λ is the sticking coefficient which is the fraction of molecules that collide and attach to the 
nucleus, A* is the surface area of the nucleus, D is the diffusion coefficient, X1 is the concentration of 
building units in solution and d is the diameter of the building unit. 
Parameter B in eq.7 represents the thermodynamic parameter B and accounts for the energy barrier for 
nucleation expressed as the heterogeneous nucleation work W* through 
 
8∗
9:;
= *<=,-           (10) 
 
EXPERIMENTAL SECTION 
 
Materials and Equipment 
Paracetamol (98.0-102.0%), sodium chlorate (≥99.0%) and 2-propanol (anhydrous, 99.5%) were 
purchased from Sigma-Aldrich and used as received. Deionized water was used as a solvent in the 
experiments involving sodium chlorate. Small 20 mL scintillation flasks and three different Mettler-
Toledo work stations (Easymax 102, Easymax 402 and Optimax 1001) were used to study the 
crystallization processes (Figure 2). A thermostatic stainless steel water bath (Grant GR150; 38 L; 
stability ±0.005 K and uniformity ±0.02 K) with a serial magnetic stirrer plate placed on the base was 
used for the small 20 mL magnetically stirred experiments. For these experiments, crystallization was 
detected using a Logitech Quickcam USB camera.10 In the larger overhead-stirred crystallizers, the 
temperature in the Mettler-Toledo work stations was controlled using solid-state thermostats. A 
Mettler-Toledo Focused Beam Reflectance Measurement (FBRM) G400 probe was used for the 
detection of the onset of crystallization in the experiments involving overhead stirring. Each 
experiment involving overhead stirring was controlled using iControl in conjunction with an FBRM 
probe, a stainless steel temperature probe and an overhead stirrer. Downward pitched-blade stirrer 
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heads were used and the stirrer speed was set to ensure sufficient mixing without creating a vortex. 
DynoChem software from Scale-up Systems Ltd. was used to calculate the stirrer speed used in the 
overhead stirrer whilst maintaining the same power input per unit mass. The volume V of solvent, the 
stirring method, the diameter of the stirrer blades and the stirrer speeds used in each crystallizer are 
shown in Table 1.  
 
 
Figure 2. Schematic overview of the crystallizers used in this study. In the crystallizers with overhead 
stirrers, a temperature probe and a larger FBRM probe were used. 
 
Table 1. Overview of Volume V of Solvent, Stirring Type, Diameter of the Stirrer and the Stirring 
Speed used in Each of the Crystallizers. 
Crystallizer V  
[mL] 
Stirring Type Diameter Stirrer Blade 
[mm] 
Stirring Speed  
[rpm] 
Scintillation Flask 10 Magnetic 18 350 
Easymax 102 85    Overhead 25 267 
Easymax 402 340  Overhead 25 400 
Optimax 1001 680 Overhead 45 346 
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Single Nucleus Experiments 
A solution of sodium chlorate in deionized water was prepared with concentration C=1130 g/kg 
which has a solubility temperature T of about 31 °C.20 The solution was prepared in one of the 
crystallizers in combination with the corresponding conditions outlined in Table 1. The solution was 
heated to T=51 °C where it remained at that temperature for 30 min to ensure complete dissolution of 
all crystals as indicated by FBRM. The solid-free solution was brought to crystallization temperature 
T=21 °C at a rate of 3 K/min. After crystallization, a sample of the slurry was taken from the 
crystallizer which was immediately analysed using a polarized microscope to identify the chiral 
identity of the crystals. The polarizer was set to 0° and the analyzer was set to 90°. By slightly 
rotating the analyzer clockwise as viewed by the observer, crystals that appeared darker were 
dextrorotatory (D) whereas crystals becoming lighter were laevorotatory (L).21  
 
Induction Time Experiments 
A solution of paracetamol in 2-propanol was prepared in the crystallizer in combination with the 
corresponding conditions outlined in Table 1. Supersaturation ratios of 1.6, 1.8, 2.0 and 2.2 were used 
in the experiments involving overhead stirring. In the experiments involving magnetic stirring, a 
supersaturation ratio of 2.2 resulted in nucleation during cooling which prevented us to obtain 
induction time data at this supersaturation ratio. Therefore, supersaturation ratios S of 1.4 1.6, 1.8, 2.0 
were used in the vials with magnetic stirring. The supersaturation ratios were calculated using 
solubility data reported in literature.22 The solution was heated to 10 °C above the theoretical 
solubility temperature where it remained for 30 min to ensure complete dissolution of all crystals. For 
the experiments involving magnetic stirring, the vials were placed in a thermostated water bath which 
was set at a temperature of T=5 °C. Once the solution in the vials reached the set temperature T, the 
experiment was started at t=0. After crystallization, the vials were reheated to dissolve the crystals and 
the experimental procedure was repeated. For the experiments involving overhead stirring, the solid-
free solution was brought to a temperature of T=15 °C at a rate of 3 K/min where it remained until 
crystallization occurred, as indicated by FBRM (Figure 1). Mettler Toledo iControl software was 
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programmed to repeat this induction time experiment by triggering the next experiment at the point 
when the FBRM detected a minimum of 10 crystals. 
Different crystallization temperatures were used in the magnetically stirred- and overhead stirred 
crystallizers. A difference in crystallization temperature did not lead to significantly different 
induction times in our experiments (Supporting Information, Figure S2). 
 
RESULTS 
First, the results regarding the SNM experiments are described which support the use of the simplified 
CNT equations to describe nucleation kinetics in our isothermal induction time experiments. Next, the 
results from the isothermal induction time experiments involving paracetamol with different 
supersaturation ratios in different crystallizer volumes are described. In the final section, the scale-up 
effect on the estimated kinetic parameters are discussed. 
 
Nucleation Mechanism 
One of the key assumptions for using the simplified probability eq. 1 to model experimental induction 
time data is that crystallization should proceed through a single nucleus mechanism (SNM). So far it 
remains unclear if the SNM applies to induction time experiments and whether it holds at larger 
crystallization volumes. To assess if the SNM is present in our crystallizers, isothermal induction time 
experiments were conducted involving sodium chlorate. Sodium chlorate is achiral in solution but is 
chiral in the solid state which means that a single crystal of sodium chlorate is either dextrorotatory 
(D), or its mirror image, laevorotatory (L). Despite their difference in optical rotation, most other 
physical-chemical properties are the same which means that primary nucleation would give either an 
L or D form with equal probability. If crystallization of sodium chlorate proceeds through the SNM, 
only one of the two chiral forms would crystallize through primary nucleation after which it 
undergoes secondary nucleation to give many crystals that have the same chiral form as the first 
crystal (Figure 3). If the SNM holds, the final suspension should consist of crystals having the same 
chiral form. However, if multiple nuclei are formed, both chiral forms will crystallize prior to 
secondary nucleation and the final suspension will as a result contain crystals of both chiral forms. 
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Figure 3. Schematic overview of nucleation mechanisms of a chiral compound in an isothermal 
induction time experiment starting from a solid-free supersaturated solution (left). The top shows the 
SNM in which one crystal is formed through primary nucleation which undergoes secondary 
nucleation to give a suspension of only one chiral form (black). The bottom shows when multiple 
nuclei are formed through primary nucleation and undergo secondary nucleation to give a suspension 
which consists of both chiral forms (black and white).  
 
Crystallization experiments of sodium chlorate in water were conducted in the four different 
crystallizers tested in this work. Each isothermal induction time experiment resulted in the 
crystallization of many crystals that were all of the same chiral form (Figure 4a). This result was 
reproducible across all tested crystallizers. Theoretically it would be possible for a system to evolve 
from a racemic to chiral-pure system through Viedma ripening.23 However, previous attempts to 
induce Viedma ripening in overhead-stirred crystallizers failed due to a lack of crystal breakage.24, 25 
The crystals in our experiments were taken from the suspension immediately after the onset of 
crystallization and therefore it is unlikely that Viedma ripening would have led to the observed chiral-
pure crystals. 
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In the magnetically-stirred crystallization experiments crystal proliferation was likely the result of 
contact-induced secondary nucleation and crystal breakage.26 In the experiments involving overhead 
stirring, crystal breakage through crystal-crystallizer collisions is less pronounced14 and shear-effects 
are more likely to result in secondary nucleation through nuclei breeding.17 
In successive crystallization runs, the same solution was used in order to test whether all of the 
crystals and clusters dissolve into monomers or if some clusters survive the heating step which would 
then result in a history of solution effect.27 In our successive crystallization runs, the history of 
solution effect was not observed as pure L or D crystal populations were randomly obtained. A history 
of solution effect would otherwise result in the deterministic crystallization of only one of the two 
chiral forms. 
Interestingly, a mixture of both chiral forms was observed only in experiments when crystallization 
occurred during cooling (Figure 4b). During cooling, the supersaturation continues to increase after 
the first crystal has formed, facilitating enough driving force for subsequent primary nucleation 
events. In isothermal experiments on the other hand, the first nucleation event leads to a reduction in 
supersaturation and the chance that a subsequent primary nucleation event would occur is smaller. 
 
 
Figure 4. The solution temperature T (solid line) and total FBRM count (dashed line) as a function of 
time t for an experiment with a solvent volume V of 680 mL in which crystallization occurred during 
constant temperature (a) and during cooling (b). The insets show micrographs of the resulting 
suspension viewed between crossed polarizers, in which the different chiral forms can be 
distinguished by dark and bright colours. The scale bar represents 1 mm. 
Page 13 of 25
ACS Paragon Plus Environment
Crystal Growth & Design
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 These results show that the SNM controls the crystallization of sodium chlorate in isothermal 
induction time experiments. Although this does not directly imply that the SNM controls 
crystallization of other compounds as well, it does provide more support to use eq.1 to estimate 
nucleation kinetics using isothermal induction times in the crystallizers used in this study. 
 
Nucleation Probability Paracetamol 
The isothermal induction time method was used to acquire probability distributions for the 
crystallization of paracetamol from 2-propanol. Video images and an FBRM probe were utilized to 
determine the induction times in the small scale magnetically stirred crystallizer and in the overhead-
stirred crystallizers respectively. Using an FBRM probe, the induction time was recorded about 60 s 
earlier as compared to the video image approach. This time difference was insignificant as the 
induction times were several orders of magnitude longer. The induction times obtained in all 
experiments were stochastic in nature as there was no order between the induction time and the 
experiment number. 
The induction times ti for all experiments as a function of volume V of solvent and supersaturation 
ratio S are plotted in Figure 5a. The probability distribution becomes wider with decreasing 
supersaturation ratio S. In experiments involving the smallest tested volume V of 10 mL, the 
probability distribution is the widest in combination with supersaturation ratio S=1.4. This wide 
distribution is mainly the result of a few induction times ti that were significantly longer than the other 
induction times measured under those conditions. Long induction times were often not measured in 
previous works as those experimental protocols were programmed to start a new induction time 
experiment after a set time.11 As a result, any induction time that takes longer than the set time will 
not be measured. On the other hand, in our experiments the experimental protocol was programmed to 
start a new induction time experiment only when crystals were detected. This way, all induction times 
were captured. Experiments involving the largest volume V of 680 mL resulted in a comparatively 
narrow probability distribution across all tested supersaturation ratios. 
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 Figure 5. a) Spread of induction times ti for various supersaturation ratios S and volume V of 10 mL 
(♦), 85 mL (●), 340 mL (■) and 680 mL (▲) b) The average induction time tavg_i (eq. 3) as a function 
of volume V for overhead stirring experiments involving supersaturation ratio S=1.6 (♦), 1.8 (■), 2.0 
(▲) and 2.2 (●).The lines are a guide to the eye. 
 
The induction time ti in our experiments was estimated to be the start time of the onset of 
crystallization (Figure 1). The onset of crystallization is due to the formation of a single crystal, 
according to the SNM. The detection of a single crystal is volume dependent and stochastic modelling 
predict that the average induction time tavg_i (eq.3) linearly decreases with increasing volume V.
28 This 
linear relationship is indeed reflected in our experiments (Figure 5b). Furthermore, these results show 
that the volume-dependent average induction time tavg_i becomes more constant with increasing 
supersaturation ratios S. This is in agreement with the published deterministic models28 and shows 
that an increase in supersaturation ratio S leads to the nucleation process to become more 
deterministic. 
 
Nucleation Rate and Parameter Estimation 
The probability distributions of induction times for paracetamol in 2-propanol for each 
supersaturation ratio S and volume V are fitted to eq. 1 and are shown in Figure 6. Eq. 1 was used to 
estimate the nucleation rate J whereas eq. 7 was used to determine the kinetic parameter A and 
thermodynamic parameter B for each supersaturation ratio S and volume V. 
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Figure 6. Probability distributions P(t) of the induction times ti [s] measured at supersaturation ratios 
S=1.4 (▼), 1.6 (■), 1.8 (▲), 2.0 (●) and 2.2 (♦) in crystallization volumes V of 10 mL (a), 85 mL (b), 
340 mL (c) and 680 mL (d). Estimated A and B parameters (conf. limits 90%) are shown, in which 
parameter A is expressed in m-3s-1 whereas B is dimensionless. The lines are fits of eq. 1 to the 
experimental data.  
 
The nucleation rate J, expressed as the number density per time, is plotted in Figure 7a for different 
supersaturation ratios S and different volumes V. As expected, the nucleation rate J increases with 
increasing supersaturation ratio S in all experiments. The highest nucleation rates J were acquired 
from experiments involving the smallest tested volume V of 10 mL in which the nucleation rates were 
an order of magnitude faster than the nucleation rates obtained in larger volumes. This difference in 
nucleation rate can be attributed to the method of stirring, as the magnetically-stirred small scale 
experiments induced significantly higher kinetics (kinetic parameter A, Figure 6) as compared to the 
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experiments involving overhead stirring. In experiments involving overhead stirring the nucleation 
rate differences between the different crystallizer volumes were less apparent. In the overhead stirred 
experiments, the nucleation rate J in combination with low supersaturation ratios S was the slowest in 
crystallizer volume V of 340 mL whereas the highest nucleation rates were obtained in the smallest 
volume of 85 mL.  
 
 
Figure 7. Nucleation rate J (a) and nucleation kinetic parameters zf*C0 (b) as a function of 
supersaturation ratio S for experiments with volumes V of 10 mL (♦), 85 mL (●), 340 mL (■) and 680 
mL (▲).The lines in a) and b) are plots of eq. 7 and eq. 8 respectively, in which the estimated A and B 
parameters were used. 
 
DISCUSSION 
From a theoretical viewpoint, the nucleation rate J expressed as the number of crystals per volume per 
time should not change when only the volume is changed.29 However, in our experiments differences 
in nucleation rates J were observed (Figure 7a). To understand what factors causes these differences, 
the nucleation rate expression should be viewed from its thermodynamic and kinetic parts.  
The thermodynamic part B of the nucleation rate, which can be expressed as the nucleation work 
W*/kbT as per eq. 10, decreases with increasing supersaturation ratio S and decreases with volume V in 
the order of 340 mL > 680 mL > 10 mL > 340 mL (see Figure S3 in the Supporting Information). 
Overall, no other apparent correlation between the thermodynamic parameter and the nucleation rate J 
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could be established. The significant differences between stirring method, volume and nucleation rate 
J in magnetic and overhead stirred crystallization experiments are not reflected in the thermodynamic 
part of the nucleation process. Therefore, the thermodynamic parameter does not appear to 
significantly affect the nucleation kinetics when the crystallization experiment is scaled-up, provided 
that the method of stirring remains the same. These results are in line with the results reported in 
literature in which the thermodynamic parameter remained unchanged in experiments with different 
shear- and stirring rates.10  
The low values for the thermodynamic parameters estimated in our work are of the same order of 
magnitude as values reported for other crystallization systems.18, 30, 31 However, these low 
thermodynamic barriers for nucleation still led to comparatively low nucleation rates in our overhead-
stirred experiments due to low values for kinetic parameter A, which are significantly lower than our 
magnetically-stirred experiments and lower than the values measured from 1.5 mL magnetically-
stirred crystallization vials used in literature. Our estimated values for the kinetic parameters are of 
the same order of magnitude as the kinetic parameters found in a Taylor-Couette cell, in which mixing 
proceeds mostly through shear forces rather than agitation.10 A relative low level of agitation in our 
overhead-stirred crystallizers in combination with low values for thermodynamic parameter B might 
explain why the nucleation rates are low. 
The kinetic part A of the nucleation rate, expressed through Eq. 8 as zf*C0 in Figure 7b, shows that the 
kinetic value depends on the crystallizer volume V and that these trends for the most part mirror the 
nucleation rate order in Figure 7a. The concentration C0 of nucleation sites, which is a measure for 
heterogeneous particles, is often assumed to become higher with increasing volume V.9 Although the 
concentration C0 of nucleation sites could increase with increasing volume V, this effect is overruled 
by other kinetic factors as there is no correlation between the concentration of nucleation sites and the 
volume. Furthermore, it can be assumed that the number of clusters that decay rather than grow, 
which is expressed as the Zeldovich factor z, does not change when the crystallizer type and volume is 
changed. Therefore, the only kinetic variable in Eq. 8 that is expected to change when the volume V of 
the crystallization experiment is changed is the attachment frequency f* of building units to the 
nucleus. According to Eq. 9, the attachment frequency f* depends on constants that are related to the 
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nucleus, which are expected to remain the same when the crystallizer volume V is changed. Eq. 9 also 
depends on the diffusion coefficient D which would change when the crystallizer V is changed. High 
diffusion coefficients D could originate from high shear rates. The highest shear rates are expected in 
the magnetic stirred crystallization experiments due to the comparatively high stirring speeds in 
combination with small volumes and this effect is reflected in the high values of zf*C0 in Figure 7b. 
For the overhead stirred crystallizers, the analytical probes might act as baffles which increase the 
nucleation rate as a result of shear forces.32 The highest shear rates are expected to be present in the 
smallest crystallizer in which the analytical probes are closest to the impeller (Figure 2). This was 
observed experimentally as a small vortex which was present only in the smallest overhead 
crystallizer as a result of the proximity of the FBRM with respect to the impeller. For a crystallizer 
volume V of 340 mL and larger, the distance between the analytical probes and stirrer becomes larger 
and the nucleation rate J remains the same which suggests that the diffusion coefficient D might have 
reached its limit. The limit of the shear effect is expected to be compound and solvent specific as 
different crystallization systems exhibit different flow properties and shear characteristics.  
Overall these results show that the nucleation rate, expressed as the number of crystals per volume per 
time, does not depend on the crystallizer volume but on kinetic effects that might originate from shear 
values. Although no significant hydrodynamic effects occur below the Kolmogorov length scale, 
localized differences in pressure and velocity could influence the formation of a nucleus at someplace 
in solution.10 Such variations increase with increasing Reynold’s numbers. Therefore, the influence of 
fluid shear on primary nucleation could be plausible through mechanisms that increase mass transfer. 
Another effect that might result from high shear rates is a high degree of agglomeration of pre-
nucleation clusters.33 Recently it was demonstrated that fluid shear affects secondary nucleation of 
paracetamol through a nuclei breeding mechanism.17 Therefore, shear-enhanced mass transfer and 
shear-induced cluster agglomeration might be plausible mechanisms underlying crystal nucleation.  
It should be noted that the values for the estimated pre-exponential factor A in our experiments 
contain a significantly large error. As a result, the differences in the kinetic values zf*C0 between the 
overhead-stirred crystallizers are small. More experiments are required to more confidently explain 
the small differences observed in the kinetic parameter in the large overhead-stirred crystallizers. 
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Moreover, a detailed understanding of fluid dynamics on a molecular level is needed to understand 
the complex nature of shear on crystal nucleation, which is outside the scope of the present study.  
These results show that probability distributions from induction times can be used to estimate 
nucleation kinetics, even at crystallizer volumes up to 680 mL. The SNM controls crystallization in 
such isothermal induction time experiments and enables the use of the simplified CNT probability 
distribution. Magnetically stirred crystallization experiments resulted in significantly higher 
nucleation rates as compared to experiments involving overhead stirring due to differences in kinetic 
effects. Therefore, results obtained from magnetically stirred small scale experiments should be 
treated as an approximation for larger scale experiments, especially regarding kinetic effects. 
Acquiring data from large scale experiments in this study was feasible using an automated FBRM 
approach in which induction times were recorded in a simple and robust fashion. This approach is 
easily transferrable and requires only a single reactor. However, this method also requires a 
considerable amount of time and resources to record induction times and therefore fewer induction 
times could be recorded which led to a less accurate parameter estimation as compared to experiments 
involving many induction times.11  
Overall the presented data revealed that the small changes observed in nucleation rates in overhead 
stirred experiments could be due to differences in shear effects. As a consequence, it is important to 
understand the details of hydrodynamics in order to achieve a high level of control over crystal 
nucleation kinetics. 
 
CONLUSIONS 
Induction times were recorded for paracetamol using a robust and automated methodology involving 
an FBRM probe that can be applied to different crystallizers. The resulting probability distributions of 
nucleation showed that the highest nucleation rates were obtained in magnetically stirred 
crystallization experiments whereas the different overhead stirred crystallization experiments 
involving larger volumes resulted in nucleation rates that were more similar to each other. The 
thermodynamic part of nucleation did not significantly influence the nucleation rate whereas the 
kinetic part did when the crystallizer volume changed. In particular, the shear rate was rationalized to 
Page 20 of 25
ACS Paragon Plus Environment
Crystal Growth & Design
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
be the part of the kinetic parameter that changes most significantly when the type of crystallizer is 
changed. Despite these differences, experiments involving the chiral sodium chlorate showed that the 
single nucleus mechanism controls isothermal crystallizations across all tested crystallizers. These 
results provide a better understanding on how the nucleation mechanism and kinetics changes when 
the crystallization process is scaled-up.  
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Effects of Scale-Up on the Mechanism and Kinetics of Crystal Nucleation 
 
René R. E. Steendam
†*
, Leila Keshavarz
†
, Melian A. R. Blijlevens, Brian de Souza, Denise M. 
Croker and Patrick J. Frawley 
 
A robust and automated FBRM method was used to obtain induction time data from solution 
crystallization experiments of paracetamol in four different stirred crystallizers ranging from 10 mL to 
680 mL. A change in crystallizer setup and volume does not affect the single nucleus mechanism but 
changes the nucleation rate due to differences in kinetic parameters. 
Page 25 of 25
ACS Paragon Plus Environment
Crystal Growth & Design
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
